Background: Atrial fibrillation (AF) is the most common arrhythmia in patients with hypertrophic obstructive cardiomyopathy (HOCM). Data regarding the correlations of thyroid dysfunction and the incidence of AF in HOCM are quite limited. This study aimed to reveal the correlations between different thyroid status and the corresponding incidence of AF in a large HOCM cohort. Methods: A total of 806 HOCM patients with complete information on thyroid function tests and comprehensive cardiac evaluations were recruited. The participants were divided into the AF group (n ¼ 159) and non-AF group (n ¼ 647) according to established medical history and results of Holter monitoring. The thyroid status of the study population and the corresponding incidence of AF were assessed and analyzed. Results: Hypothyroidism accounted for the greatest proportion of thyroid dysfunction in HOCM patients. The incidence of AF significantly increased in individuals with both overt (P ¼ 0.022) and subclinical (P ¼ 0.007) hypothyroidism. Compared with participants in the non-AF group, those with positive AF episodes presented with lower free triiodothyronine (FT3) (2.86 ± 0.52 pg/mL vs. 3.01 ± 0.42 pg/mL, P ¼ 0.001), higher free thyroxine (FT4) (1.24 ± 0.25 ng/dL vs. 1.15 ± 0.16 ng/dL, P < 0.001), and remarkably increased levels of thyrotropin (TSH) (12.6% vs. 5.3%, P ¼ 0.001). Multivariable analyses demonstrated that the concentrations of FT3 (odds ratio [OR] ¼ 0.470, 95% confidence interval [CI]: 0.272e0.813, P ¼ 0.007) and FT4 (OR ¼ 17.992, 95% CI: 5.750e56.296, P < 0.001), as well as TSH levels above normal ranges (OR ¼ 2.276, 95% CI: 1.113e4.652, P ¼ 0.024) were independently associated with the occurrence of AF in the large HOCM cohort.
Introduction
Hypertrophic cardiomyopathy (HCM) is a common inheritable cardiac disorder, primarily caused by mutations in the genes that encode sarcomeres. 1 The disease is characterized pathologically by cardiomyocyte hypertrophy, myofibrillar disarray, and interstitial fibrosis, with thickened segments of ventricular muscle localized predominantly in the interventricular septum. 2 Asymmetric septal hypertrophy accounts for the majority of HCM phenotypes, and around 70% of patients display relevant obstruction in the left ventricular outflow tract (LVOT) with a peak pressure gradient of more than 30 mmHg, 3 referred to as hypertrophic obstructive cardiomyopathy (HOCM). LVOT obstruction, which is associated with highly dynamic and variable symptoms such as dyspnea, angina pectoris, and stress-dependent syncope, has been regarded as a hallmark of poor prognosis in patients diagnosed with HCM.
Atrial fibrillation (AF) is a major arrhythmia in HCM, which confers an estimated prevalence and annual incidence of 22.45% and 3.08%, respectively. 4 Recurrent episodes of AF not only affect patients' quality of life by increasing the risk of heart failure exacerbations, but also portend adverse outcomes and cardiovascular mortality in HCM patients. 5e8 However, the exact mechanism regarding the development of AF in HCM remains unclear. The increased left atrial pressure and size as a consequence of left ventricular (LV) diastolic dysfunction, LVOT obstruction, and secondary mitral regurgitation are closely related to the occurrence of AF. Other predisposing factors include age, P-wave duration >140 ms, ST-T abnormalities on electrocardiography (ECG), abnormal coronary flow reserve, late gadolinium enhancement (LGE) on cardiovascular magnetic resonance (CMR), and some specific changes in circulating biomarkers. 9, 10 Thyroid hormones (TH) have profound and broadreaching effects throughout the body, particularly in the cardiovascular system. They play fundamental roles in maintaining the cardiovascular homeostasis by regulating the heart rate, myofibrillar structure, intracellular calcium release and reuptake, and electrical activity.
11e14 Thyroid dysfunction, either hyperthyroidism or hypothyroidism, has been considered as an important risk factor for AF. 15, 16 However, whether thyroid dysfunction is relevant to the presence of AF in patients with HOCM remains unresolved. Therefore, in this study, we aimed to reveal the correlations between different thyroid status and the corresponding incidence of AF in a large HOCM cohort.
Methods

Etchical approval
We confirmed that all experiments and procedures performed in study patients are in accordance with the Declaration of Helsinki. This study was approved by the Ethics Committee of Fuwai Hospital (No. 1100000196620). All enrolled patients have provided written informed consent.
Study population
The medical records of consecutive patients who were clinically diagnosed with HOCM from July 2013 to July 2019 in our hospital were retrospectively reviewed. All patients met the diagnostic criteria of HOCM 9 : (1) a maximum LV wall thickness of 15 mm in one or more LV myocardial segments (or 13e14 mm with a definite family history of HCM) measured by echocardiography, computed tomography, or CMR, in the absence of other accountable systemic or cardiac diseases, and (2) an instantaneous peak Doppler LVOT gradient (LVOTG) of 30 mmHg at rest or during physiological provocation such as Valsalva maneuver, standing, or exercise. Thyroid function tests as well as comprehensive cardiac evaluations such as 12-lead ECG, 24-hour Holter monitoring, echocardiography, and CMR were performed routinely in all individuals at baseline, prior to any invasive treatment, when heart failure symptoms of HOCM patients could be controlled by regular oral medications. Patients (1) taking medications that might affect the thyroid function (antithyroid drugs, thyroxine, liothyronine, amiodarone, corticosteroids, etc.); (2) who were diagnosed with myocardial infarctions, congenital heart diseases, pulmonary heart diseases, primary cardiac valve diseases, myocarditis, amyloidosis, severe renal impairments (estimated glomerular filtration rate <30 mL/min/1.73 m 2 ), autoimmune diseases, infections, and neoplasms; and (3) with a medical history of percutaneous alcohol septal ablation, surgical septal myectomy, or coronary revascularization were excluded from the study. Finally, a total of 806 HOCM patients were enrolled. The diagnosis of AF was based on the established medical history or the results of 12-lead ECGs and 24-hour Holter monitoring. Invasive septal reduction treatment to relieve LVOT obstruction was evaluated in patients who possessed a peak LVOTG of 50 mmHg, with moderate to severe symptoms of heart failure (New York Heart Association [NYHA] functional class III to IV), and/or with recurrent stress-dependent syncope despite maximally tolerated drug therapy. The necessity to perform surgical septal myectomy or percutaneous alcohol septal ablation was determined through a shared decision-making process after weighing the benefits and risks of each alternative.
Thyroid function testing
Twelve-hour fasting venous blood samples were drawn, and thyroid status was detected in all participants prior to any invasive procedures, when symptoms of heart failure can be controlled with regular oral medications, rather than during the acute phase. The intervals between thyroid function tests and multiple cardiac assessments (Holter monitoring, echocardiography, and CMR) were usually 1 week. The serum levels of free triiodothyronine (FT3), total triiodothyronine (TT3), free thyroxine (FT4), total thyroxine (TT4), and thyrotropin (TSH) were measured using radioimmunoassay in the nuclear medicine department of our hospital. The reference ranges of THs and TSH in our laboratory were as follows: FT3, 1.79e4.09 pg/mL; TT3, 0.65e1.91 ng/mL; FT4, 0.80e1.88 ng/dL; TT4, 4.29e12.47 mg/dL; and TSH, 0.55e4.78 mIU/L. The definitions of thyroid status in this study were as follows: (1) 
Twenty-four-hour Holter monitoring
Results of 24-hour Holter monitoring were examined, and the 3-channel (V1, V5, and aVF) recordings were obtained. Conventional analyses of rhythm and arrhythmias were conducted routinely. AF as well as ventricular arrhythmic events such as premature ventricular contraction (PVC) and non-sustained ventricular tachycardia (NSVT) were recorded and analyzed.
Echocardiographic assessment
Two-dimensional and M-mode images of the left atrial diameter, LV end-diastolic diameter, and thickness of interventricular septum were recorded from the parasternal long-axis acoustic window. LV ejection fraction was calculated using the modified biplane Simpson's rule. The ratio of peak E-wave and A-wave velocities was analyzed to assess for LV diastolic function. Color Doppler flow imaging was utilized to determine the degree of mitral regurgitation. The pulsed and continuous-wave Doppler was applied to assess the LVOTGs at rest from the apical 3-and 5-chamber views in all individuals. The provoked LVOTGs were further measured only when the LVOTGs at rest were less than 30 mmHg. The peak LVOTG was defined as the highest pressure gradient detected at rest or during physiological provocation of standing, exercise, or Valsalva maneuver.
CMR evaluation
CMR studies were conducted using a 1.5-Tesla scanner under breath control and electrocardiographic gating. A retrospectively gated cine-CMR was obtained in LV long-axis, LV short-axis, and horizontal long-axis orientations using the true fast imaging with a steady-state precession sequence. The LV wall thickness were traced and measured at end-diastole from LV short-axis views. The greatest thickness in any single segment of the ventricle was regarded as the maximum LV wall thickness. Left atrial diameter, LV end-diastolic diameter, LV end-diastolic volume, LV ejection fraction, and cardiac output were measured and calculated routinely in a standard manner. About 10e15 minutes after a bolus injection of 0.2 mmol/kg gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA, Magnevist, Schering AG, Berlin, Germany), the end-diastolic LGE images were acquired in the LV short-axis orientation as well as in the 2-, 3-, and 4-chamber views using the segmented phase-sensitive inversion recovery sequences. LGE (þ) was defined as the presence of any higher signal intensity area compared with the normal myocardium by thoroughly reviewing all the contrast-enhanced images.
Statistical analysis
Continuous variables, expressed as mean ± standard deviation (SD) or median (1st to 3rd quartiles), were analyzed using unpaired Student's t-tests or nonparametric tests. Categorical variables, expressed as proportions, were compared using Chi-square tests or Fisher's exact tests. One-way analysis of variance (ANOVA) tests were performed to analyze the differences in numerous normally distributed variables. KruskaleWallis H test were used for nonparametric tests of multiple independent samples. Univariable and multivariable logistic regression analyses were conducted to identify the independent parameters associated with AF in the HOCM cohort. Covariates that correlated significantly with AF (P < 0.05) in the univariable analyses were further included in the multivariable model. The system default method of "enter" was selected for multivariable logistic regression analyses. The adjusted odds ratios and 95% confidence intervals were calculated. Due to the skewed distribution of TSH and N-terminal pro-brain natriuretic peptide (NT-pro BNP), they were converted into natural logarithmic transformations for t-tests and logistic regression analyses. A two-tailed P value <0.05 was considered significant. All statistical analyses were conducted using the statistical package SPSS 22.0 (SPSS Inc., Chicago, IL, USA).
Results
Distribution of thyroid status in the HOCM cohort
The study cohort comprised a total of 806 HOCM patients aged 50.8 ± 13.0 years, of whom 42.2% were women. The study cohorts were divided into six groups according to their thyroid status (Table 1 , Fig. 1A ). Thyroid dysfunction was observed in 96 HOCM patients (11.9%). Since individuals taking medications that might affect the thyroid function were excluded from the study, the number of patients in the overt hypothyroidism and the overt hyperthyroidism groups were relatively small. The most frequent thyroid dysfunction was subclinical hypothyroidism (n ¼ 50), followed by subclinical hyperthyroidism (n ¼ 27), low T3 syndrome (n ¼ 11), overt hypothyroidism (n ¼ 4), and overt hyperthyroidism (n ¼ 4) (Fig. 1A) . Patients with hypothyroidism, including both overt and subclinical status, accounted for the greatest proportion (n ¼ 54, 6.7%) of the entire HOCM cohort.
Incidence of AF in different thyroid function groups
Significant differences were observed in terms of the incidence of AF across the listed thyroid status categories (Fig. 1B) . Compared with patients with normal thyroid status, the incidence of AF increased dramatically in those with both overt (P ¼ 0.022) and subclinical (P ¼ 0.007) hypothyroidism. However, no statistical differences were observed in the AF prevalence between patients with euthyroidism and those with other types of thyroid dysfunction (low T3 syndrome, subclinical hyperthyroidism, and overt hyperthyroidism). The proportion of female patients in the subclinical hypothyroidism group was relatively higher than that in the euthyroidism group (Table 1) . Nevertheless, no prominent differences were observed among HOCM patients in different thyroid function groups in terms of age, body mass index (BMI), and major cardiac parameters.
Demographics, clinical features, and medications of the HOCM patients
As shown in Table 2 , dyspnea (80.4%), chest pain (63.2%), and palpitation (36.0%) were the most common manifestations of the HOCM cohort. Symptoms of heart failure were not obvious in 14.5% of the participants. The majority of patients had NYHA functional class II/III (52.6%/31.5%), and 11 (1.4%) with severe cardiac insufficiency had NYHA class IV. A total of 159 HOCM patients (19.7%) diagnosed with AF were included in the AF group, while the remaining 647 patients (80.3%) with negative AF detection were included in the non-AF group. The proportions of patients with paroxysmal and persistent AF in the AF group were 68.9% and 31.1%, respectively. Patients with positive AF episodes were older (P < 0.001), had more complaints of palpitation (P < 0.001), and had a higher incidence of hyperlipidemia (P ¼ 0.020) ( Table  2 ). There were no significant differences in gender, BMI, family history, basic vital signs, and NYHA heart Table 1 Clinical parameters and incidence of AF in HOCM patients according to thyroid status. function class between the two groups. With regard to medications, patients in the AF group had a stronger disposition to take statins (P ¼ 0.015), diuretics (P < 0.001), aspirin (P < 0.001), and anticoagulants (P < 0.001) than their counterparts in the non-AF group (Table 2) . Data are presented as mean ± standard deviation or n (%). HOCM: hypertrophic obstructive cardiomyopathy; AF: atrial fibrillation; BMI: body mass index; SCD: sudden cardiac death; SBP: systolic blood pressure; DBP: diastolic blood pressure; HR: heart rate; NYHA: New York Heart Association; ACEI: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker.
Thyroid function and cardiac evaluation in the HOCM cohort
Compared with patients in the non-AF group, the circulating FT3 (P ¼ 0.001) and TT3 levels (P ¼ 0.001) decreased, whereas the concentrations of FT4 (P < 0.001) and TT4 (P ¼ 0.013) and the percentage of TSH levels above normal ranges (P ¼ 0.001) increased in patients with concomitant AF (Table 3 ). The AF group had much higher proportions of patients with overt (P ¼ 0.026) and subclinical (P ¼ 0.009) hypothyroid than the non-AF group (Table  3) . The prevalence of AF in the HOCM cohort displayed a pronounced uptrend with the descending of serum FT3 (P ¼ 0.002) and the ascending of serum FT4 (P < 0.001) ( Fig. 2A and 2B ). Compared with individuals in the low (P ¼ 0.042) or normal (P ¼ 0.001) TSH groups, the incidence of AF increased remarkably in patients with high TSH levels (Fig. 2C) . Holter monitoring revealed no evident differences either in PVC burdens or in the occurrence of NSVT between patients with AF and those without AF ( Table 3 ). Echocardiography suggested slight but significant differences both in the peak LVOT flow velocity (P ¼ 0.003) and in the peak LVOTG (P ¼ 0.001). However, degrees of mitral regurgitation and the proportion of LV diastolic dysfunction were similar in the two groups (Table 3) . CMR demonstrated that patients with positive AF episodes had enlarged left atrium (P < 0.001), comparatively decreased LV ejection fraction (P ¼ 0.006) and cardiac output (P ¼ 0.042), and enhanced positive rate of LGE (P ¼ 0.016) ( Table 3) .
Logistic regression analyses to identify independent determinants of AF
The univariable logistic regression analyses indicated that age, Ln NT-pro BNP, left atrial diameter, LVejection fraction, cardiac output, peak LVOTG, LGE (þ), FT3, FT4, and TSH level above normal ranges (>4.78 mIU/L) were significantly associated with the occurrence of AF episodes in HOCM patients (Table 4 ). All relevant covariates with a P value < 0.05 in the univariable analyses were further included in the multivariable model (Table 4) . After adjusting for all potential confounders, strong independent correlations were confirmed in serum FT3 (OR ¼ 0.470, 95% CI: 0.272e0.813, P ¼ 0.007), serum FT4 (OR ¼ 17.992, 95% CI: 5.750e56.296, P < 0.001), and TSH level above normal ranges (OR ¼ 2.276, 95% CI: 1.113e4.652, P ¼ 0.024) with the presence of AF in the HOCM cohort.
Discussion
The current study investigated the correlations between the whole spectrum of thyroid dysfunction and the corresponding incidence of AF in a large HOCM cohort. The major findings were as follows: (1) hypothyroidism (including both overt and subclinical status) accounted for the greatest proportion of thyroid dysfunction in the entire HOCM cohort; (2) patients who were diagnosed with either overt or subclinical hypothyroidism had a significantly higher prevalence of AF than those with normal thyroid function; (3) the incidence of AF not only increased in the HOCM patients with high TSH levels, but also in those with elevated serum FT4 levels and decreased serum FT3 levels; (4) lower concentrations of FT3, higher concentrations of FT4, as well as TSH levels above normal ranges were independently associated with the occurrence of AF in our HOCM cohort. Taken together, our results indicated a strong link between the status of low thyroid function and increased incidence of AF in patients with HOCM. THs have crucial effects on the cardiovascular system. Although hyperthyroidism is considered as an important risk factor for AF, accumulating evidence suggested that the condition of hypothyroidism may also contribute to the AF episodes. A clinical research demonstrated that the history of hypothyroidism was 300% more common than that of hyperthyroidism in a cohort of 8962 AF patients who were enrolled over 10 years. 17 Another large-scale nationwide case-control study in Sweden recruited a total of 713,569 AF participants and revealed that the prevalence rates of hypothyroidism and hyperthyroidism in the AF cohort were 5.9% and 2.3% respectively, 18 suggesting a much higher proportion of hypothyroidism in AF population. Worku et al 19 reported that preoperative hypothyroidism was profoundly associated with postoperative AF in patients who underwent cardiac surgeries. Park et al 20 identified a significantly elevated incidence of transient AF after coronary artery bypass graft in patients with preoperative subclinical hypothyroidism. Morishima et al 21 confirmed that the state of hypothyroidism, and even a high-normal level of TSH, could serve as independent predictors for the long-term recurrence of atrial tachyarrhythmia in AF patients who underwent a catheter ablation. Zhang et al 22 explored the prognostic value of FT3 in patients with HOCM and indicated that participants in the lowest tertile group of serum FT3 presented with the highest incidence of AF. Consistent with the reports of previous clinical studies, the proportion of hypothyroidism in HOCM patients with concomitant AF (12.6%) was approximately four times as much as that of hyperthyroidism (3.1%) in our current study. In addition, overt or subclinical hypothyroidism was significantly associated with the prevalence of AF in the HOCM cohort.
A number of animal experiments also indicated the strong correlation between hypothyroidism and the occurrence of AF. Zhang et al 15 performed an electrophysiological study in post-thyroidectomy rats and demonstrated that hypothyroidism could result in both elevated inducibility and increased duration of AF. In addition, hypothyroid rats manifested with more extensive LA interstitial fibrosis than euthyroid rats. In their later research, they found that L-thyroxine replacement therapy could attenuate the arrhythmogenesis of AF in heart failure rats induced by myocardial infarction. 23 In line with Zhang's findings, Liu et al 16 established a hypothyroid rat model by administrating methimazole and reproduced a similar result of higher AF susceptibility in hypothyroid rats. Their study brought novel insight into the hypothyroidism-induced AF by identifying that hypothyroidism could upregulate the protein expression of nerve growth factor and stimulate atrial sympathetic remodeling.
Whether a definite causal relationship exists between hypothyroidism and AF remains unclear. Decreased intracellular calcium load and reduction in L-type Ca 2þ current were detected in patients with low T3 levels, and they were considered to be responsible for ionic remodeling predisposing to AF. Myocardial fibrosis caused by hypothyroidism was recognized as a potential arrhythmogenic substrate, which would lead to slowed cardiac conduction and increased conduction heterogeneity, thus favoring the formation of re-entry and the occurrence of AF. 15, 28, 29 Correspondingly, TH replacement therapy could, in turn, reduce myocardial fibrosis resulting from favorable regulations in genes associated with collagen signaling. 30 Clinical literatures regarding thyroid function and HOCM were limited. Chen et al 31 identified that a high-normal TSH level was associated with LV diastolic dysfunction in patients with HCM. Zhang et al 22 demonstrated that FT3 correlated positively with LV ejection fraction in HOCM patients and served as an independent predictor of all-cause mortality and cardiac transplantation in the affected patients. In addition, their study revealed that patients with baseline FT3 levels in the lowest tertile (FT3 <2.81 pg/mL) had the highest incidence of AF. In the current study, HOCM patients in the AF group presented with comparatively lower levels of FT3 and significantly higher proportion of TSH above normal ranges compared with the non-AF group, suggesting the increased prevalence of hypothyroid status in patients with positive AF episodes. Meanwhile, we noticed that the circulating FT4 was relatively higher in AF patients than their non-AF counterparts. Similar correlations between higher serum FT4 and increased risk of AF have been reported by several prospective population-based studies conducted in euthyroid individuals. 32, 33 Moreover, AF was positively associated with higher levels of FT4 in patients with preexisting heart failure. 34 However, the corresponding mechanisms remained unclear. T4 has been recognized as a prohormone due to its low physiological activity. The biologically active T3 is mainly derived from the conversion of T4 by type 1 and 2 deiodinase in the peripheral tissues. 35, 36 In our study, we speculated that the relatively higher concentration of T4 in the AF group might reflect the lower peripheral deiodination of T4 to T3 resulting from some particular alternations in deiodinase regulation or expression in this setting. However, a more in-depth basic research is needed to explain this phenomenon. Apart from thyroid function, cardiac evaluations of HOCM patients with AF revealed enlarged left atrium, relatively decreased LV ejection fraction and cardiac output, as well as more remarkable myocardial fibrosis on CMR. The status of low thyroid function (lower FT3, higher FT4, and TSH above normal ranges), along with other traditional parameters such as age, left atrial diameter, cardiac output, and peak LVOTG, served as independent determinants of the occurrence of AF in the HOCM cohort. Our findings, together with other clinical evidence, indicated a promising correlation between low thyroid function and the presence of AF in HOCM patients. However, elucidating the relevant mechanisms is warranted, and our current study might be able to inspire further explorations in this interesting topic.
Despite the encouraging results, our study has a few limitations. First, this was a single-center, crosssectional retrospective study. Although our findings suggested an independent association between low thyroid function and the presence of AF in HOCM patients, the retrospective nature of the present study limited our ability to determine a causal relationship. Hence, a multicenter study should be conducted to verify our findings. Second, since we excluded patients who were taking medications that might affect the thyroid status, the sample size of overt thyroid dysfunction in the current study was relatively small. Nevertheless, a multivariable analysis still indicated a strong correlation between hypothyroidism (including both over and subclinical status) and AF in our HOCM cohort. Third, our conclusions were based on the one-time measurement of thyroid function. Although the tests were performed when patients were clinically stable, we still could not resolve the ambiguity due to the transient change in the thyroid status. Serial measurements of thyroid function should be conducted in future studies in order to determine the time-related changes of TH levels. Finally, the diagnosis of AF in our study was based on previous medical history and positive detection of AF by ECGs and 24-hour Holter monitoring. The relatively short duration of monitoring possibly contributed to the underestimation of the AF incidence. Meanwhile, the strengths of this study include the large-scale, wellcharacterized HOCM cohort; complete data of thyroid function tests and comprehensive cardiac evaluations; and the thorough analysis and comparison among different groups of thyroid dysfunction.
In Conclusion, this study indicated a strong link between low thyroid function (lower serum FT3, higher serum FT4, and TSH above normal ranges) and the presence of AF in a large HOCM cohort. The state of hypothyroidism might provide valuable screening and prognostic information for assessing the incidence of AF in patients with HOCM. 
